Acetaminophen (APAP) overdose results in acute liver failure and has limited treatment options. Previous studies show that stimulating liver regeneration is critical for survival after APAP overdose, but the mechanisms remain unclear. In this study, we identified major signaling pathways involved in liver regeneration after APAP-induced acute liver injury using a novel incremental dose model. Liver injury and regeneration were studied in C57BL/6 mice treated with either 300 mg/kg (APAP300) or 600 mg/kg (APAP600) APAP. Mice treated with APAP300 developed extensive liver injury and robust liver regeneration. In contrast, APAP600-treated mice exhibited significant liver injury but substantial inhibition of liver regeneration, resulting in sustained injury and decreased survival. The inhibition of liver regeneration in the APAP600 group was associated with cell cycle arrest and decreased cyclin D1 expression. Several known regenerative pathways, including the IL-6/STAT-3 and epidermal growth factor receptor/ c-Met/mitogen-activated protein kinase pathways, were activated, even at APAP600, where regeneration was inhibited. However, canonical Wnt/b-catenin and NF-kB pathways were activated only in APAP300-treated mice, where liver regeneration was stimulated. Furthermore, overexpression of a stable form of b-catenin, where serine 45 is mutated to aspartic acid, in mice resulted in improved liver regeneration after APAP overdose. Taken together, our incremental dose model has identified a differential role of several signaling pathways in liver regeneration after APAP overdose and highlighted canonical Wnt signaling as a potential target for regenerative therapies for APAP-induced acute liver failure. (Am J Pathol 2014, 184: 3013e3025; http://dx
Acetaminophen (APAP) overdose results in acute liver failure and has limited treatment options. Previous studies show that stimulating liver regeneration is critical for survival after APAP overdose, but the mechanisms remain unclear. In this study, we identified major signaling pathways involved in liver regeneration after APAP-induced acute liver injury using a novel incremental dose model. Liver injury and regeneration were studied in C57BL/6 mice treated with either 300 mg/kg (APAP300) or 600 mg/kg (APAP600) APAP. Mice treated with APAP300 developed extensive liver injury and robust liver regeneration. In contrast, APAP600-treated mice exhibited significant liver injury but substantial inhibition of liver regeneration, resulting in sustained injury and decreased survival. The inhibition of liver regeneration in the APAP600 group was associated with cell cycle arrest and decreased cyclin D1 expression. Several known regenerative pathways, including the IL-6/STAT-3 and epidermal growth factor receptor/ c-Met/mitogen-activated protein kinase pathways, were activated, even at APAP600, where regeneration was inhibited. However, canonical Wnt/b-catenin and NF-kB pathways were activated only in APAP300-treated mice, where liver regeneration was stimulated. Furthermore, overexpression of a stable form of b-catenin, where serine 45 is mutated to aspartic acid, in mice resulted in improved liver regeneration after APAP overdose. Taken together, our incremental dose model has identified a differential role of several signaling pathways in liver regeneration after APAP overdose and highlighted canonical Wnt signaling as a potential target for regenerative therapies for APAP-induced acute liver failure. (Am J Pathol 2014, 184: 3013e3025; http://dx.doi.org/10.1016/j.ajpath.2014.07.019) Acetaminophen (APAP) is one of the most widely used overthe-counter analgesic and antipyretic drugs in the world. APAP is safe at therapeutic doses, but overdose can cause acute liver failure (ALF). In fact, APAP overdose is associated with 56,000 emergency department visits and 26,000 hospitalizations every year in the United States. 1 The only pharmacological intervention, at present, is N-acetyl cysteine (precursor of glutathione), which is successful only if given within a few hours after APAP overdose. 2 An ultimate option is liver transplantation, which is complicated by issues such as donor availability, long-term immunosuppression, and exorbitant costs. 3 Previous studies suggest that liver regeneration after APAP overdose plays a critical role in determination of outcome of injury.
4e7 a-Feto protein, a marker of liver regeneration, was found to be associated with better survival rate in patients with APAP-induced ALF. 4 Several other studies in animal models suggest that timely stimulation of liver regeneration, such as with stem cell factor 6 and vascular endothelial growth factor, 7 improves survival after APAP overdose in mice. These studies highlight stimulating liver regeneration in APAP-induced patients with ALF as a plausible therapeutic option. However, the mechanisms of liver regeneration after APAP-induced ALF are not well known. Although liver regeneration has been extensively studied in the past, 8 most of the studies are on the basis of a partial hepatectomy (PHX) model, a mechanistically different model from APAP-induced ALF.
Data on hepatotoxicants, in general, suggest that liver regeneration follows the principles of dose-response. 9 Studies indicate that liver regeneration after toxic injury to liver increases proportionately to injury but only up to a threshold dose. Doses higher than the threshold dose actually inhibit liver regeneration, resulting in progression of injury to ALF and death. 9e11 These studies have suggested that at higher doses, regeneration is inhibited because of blockade in critical proregenerative signaling pathways. 9, 11, 12 On the basis of this principle, we developed a novel incremental dose model to delineate the mechanisms of liver regeneration after APAPinduced acute liver injury (ALI). We used two doses of APAP, a lower dose (300 mg/kg), after which liver regeneration is intact, and a higher dose (600 mg/kg), after which liver regeneration is inhibited. We performed a comprehensive analysis of several signaling pathways known to be involved in liver regeneration and identified pathways that are potentially important for liver regeneration after APAP-induced ALI; these pathways can be targeted therapeutically.
Materials and Methods

Animals, Treatment, and Tissue Harvesting
Two-month-old male C57BL/6 mice, purchased from Jackson Laboratories (Bar Harbor, ME), were used in these studies. Mice overexpressing a stable form of b-catenin, where serine 45 is mutated to aspartic acid (S45D), have been described before. 13 Details of generation and characterization of these mice have been published previously. 13 All animals were housed in Association for Assessment and Accreditation of Laboratory Animal Careeaccredited facilities at the University of Kansas Medical Center (Kansas City, KS) under a standard 12-hour light/dark cycle with access to chow and water ad libitum. The Institutional Animal Care and Use Committee at University of Kansas Medical Center approved all studies. Mice were fasted 12 hours before administration of APAP. APAP was dissolved in warm 0.9% saline, and mice were treated with either 300 or 600 mg/kg APAP, i.p. Food was returned to the mice after APAP treatment. Mice (n Z 3 to 7) were sacrificed at 0, 0.5, 1, 3, 6, 12, 24, 48, 72, and 96 hours after APAP treatment by cervical dislocation under isoflurane anesthesia, and blood and livers were collected. The S45D and respective wild-type (WT) littermates were treated with either 300 or 600 mg/kg APAP and sacrificed at 6 and 24 hours (APAP300 study) or 24 and 48 hours (APAP600 study) after APAP administration, followed by blood and liver collection. Serum samples were obtained from the blood and used for analysis of alanine aminotransferase (ALT) activity using commercially available kits (ThermoFisher Scientific, Pittsburgh, PA). Liver sections and nuclear and cytoplasmic protein extracts were prepared as described previously. 14 
Antibodies
All primary antibodies obtained from Cell Signaling Technologies (Danvers, MA) for Western blot analysis and their catalog numbers are provided in Table 1 . Active b-catenin antibody was obtained from EMD Millipore Corporation (Billerica, MA) (catalog number 05-665). All secondary antibodies used for Western blot analysis were obtained from Cell Signaling Technologies. Biotinylated secondary antibodies for immunohistochemistry (IHC) were purchased from Jackson Immunoresearch (West Grove, PA).
Protein Isolation and Western Blot Analysis
Protein estimation and Western blot analysis were performed using pooled samples of protein extracts prepared from frozen liver tissues, as previously published, without any modifications. 14 
PCNA IHC
Paraffin-embedded liver sections (4 mm thick) were used for IHC detection of proliferating cell nuclear antigen (PCNA), as described before. 14 
Real-Time PCR
Total RNA was isolated from APAP300 and APAP600 livers using the TRIzol method, according to the manufacturer's protocol (Sigma, St. Louis, MO), and converted to cDNA, as previously described. 5 mRNA levels of various genes were determined using real-time PCR analysis using commercially available TaqMan Gene Expression Assays (Life Technologies, previously known as Applied Biosystems, Carlsbad, CA) on the Applied Biosystems Prism 7300 Real-Time PCR Instrument, according to the manufacturer's protocol. Rplp0 gene expression in the same samples was used for data normalization, and data were expressed as fold change compared with 0 hour.
ChIP Data
Chromatin immunoprecipitation (ChIP) was done using whole liver tissue from APAP300 and APAP600 animals for the 12-hour time point, as described previously. 15 
Statistical Analysis
Data presented in the form of bar/line graphs show means AE SEM. A significant difference between groups was determined using Student's t-test. A difference between groups was considered statistically significant at P < 0.05.
Results
Sustained Injury and Inhibited Recovery after Higher Dose of APAP
We compared liver injury at the two doses of APAP (APAP300 and APAP600) over the time course of 0 to 96 hours by studying serum ALT and histopathological analysis of liver sections (scoring sections for percentage necrosis) (Figure 1 , AeC). Liver injury increased after APAP treatment and peaked at 12 hours after treatment at both doses. Liver injury was characterized by necrosis in the centrilobular region, a hallmark of APAP toxicity. Interestingly, there was no significant difference in injury up to 24 hours in both the groups, except area of necrosis was significantly higher at 12 hours in APAP600 compared with APAP300 group ( Figure 1C ). The overall trend showed moderately higher injury in APAP600 group up to 24 hours. However, there was a marked difference in progression of injury at later time points. APAP300 showed slight regression of injury at 48 hours and complete recovery at 72 and 96 hours, as evidenced by decreased serum ALT levels, complete recovery from necrosis, and 100% survival. In contrast, approximately 25% animals died at various time points from 48 to 96 hours in the APAP600 group ( Figure 1B ). Remaining animals showed sustained injury and were not recovered up to 96 hours. Injury was strikingly higher at 72 and 96 hours in the APAP600 group compared with the APAP300 group. In addition, we investigated other parameters of liver failure (serum glucose and bilirubin levels) in APAP300 and APAP600 mice, which displayed a similar pattern showing a significant difference between the two groups at later time points of 48 to 96 hours after APAP treatment (Supplemental Figure S1 , A and B).
Inhibited Liver Regeneration and Cell Cycle Arrest Correlate with Sustained Injury and Inhibited Recovery at a Higher Dose
Next, we studied liver regeneration at the two doses of APAP using PCNA IHC (Figure 2A ). Quantification of total PCNApositive cells ( Figure 2B ) showed evidence of a few cells entering the cell cycle as early as 3 hours in APAP300, but a robust proliferation response with a dramatic increase in PCNA-positive cells was observed only from 12 hours after APAP treatment, specifically around necrotic areas. PCNApositive cells remain elevated up to 48 hours and then progressively decreased at 72 and 96 hours. In contrast, APAP600 showed almost no PCNA-positive cells up to 24 hours after APAP administration. PCNA-positive cells started appearing at a much delayed time point of 48 hours onward in the APAP600 group and were significantly lower compared with peak cell proliferation observed in the APAP300 group. The PCNA data were corroborated by Ki-67 immunofluorescence staining (Supplemental Figure S2) . Overall, there was significantly delayed and attenuated liver regeneration in the APAP600 group, which correlated with sustained injury, delayed recovery, and decreased survival at a higher dose. Interestingly, even at the time point of peak injury (12 hours after APAP treatment) at a higher dose, >50% of hepatocytes were still intact, as demonstrated by necrosis scoring. This suggests that a marked decrease in regeneration in the APAP600 dose is not due to lack of viable hepatocyte in the higher dose. This was further confirmed 
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The American Journal of Pathology -ajp.amjpathol.orgby hepatocyte nuclear factor (HNF) 4a staining as a marker of intact hepatocytes (Supplemental Figure S3 ). In fact, overall cellular death was not strikingly different at the two doses at early time points, where regeneration was initiated at a lower dose. Furthermore, a closer look at individual animal data revealed that, although there was no difference in liver injury in some animals between groups, there was a striking difference in regenerative response (data not shown). Next, we quantified cells in a specific cell cycle phase by studying PCNA-stained sections in detail to further look into progression of cell cycle (Figure 2 , CeF). In the APAP300 group, cells started entering the cell cycle at 12 hours, with numerous cells entering into the G 1 phase from the G 0 phase. At 24 hours, most of the cells were still in the G 1 phase, with many cells progressed to the S phase. Most of the cells progressed to the S phase at 48 hours and further to the G 2 phase by 72 hours. Mitoses were evident between 48 and 96 hours. By 96 hours, most cells returned to the quiescent state. In contrast, in the APAP600 group, almost all of the cells stayed in the G 0 phase up to 24 hours. A few cells started entering the G 1 phase only at a much delayed time point of 48 hours, and furthermore, these cells do not progress through the cell cycle at later time points and remain arrested at the G 1 phase. No mitotic activity was observed at any time points in the APAP600 group. These results suggest that inhibition of entry into cell cycle and early cell cycle arrest in the remaining viable hepatocytes at higher dose are the reason for inhibited liver regeneration, rather than mere higher cell death.
Cell Cycle Regulators Correlate with Arrested Cell Cycle and Inhibited Liver Regeneration at a Higher Dose
We further studied expression of various core cell cycle proteins, which regulate cell cycle entry. We first determined cyclin D1 levels, induction of which is the critical step that is required by hepatocytes for progressing through the G 1 phase and committing to DNA replication. 16 There was an early twofold induction of cyclin D1 mRNA at 3 hours, followed by a sharp peak (sixfold induction) at 12 hours, specifically in the APAP300 group, correlating with time of onset of the regenerative phase. Cyclin D1 mRNA level rapidly declined at 24 hours to approximately 2.5-fold and reached to basal level by 96 hours. In contrast, cyclin D1 mRNA did not increase significantly in the APAP600 group at any time point but showed slight induction in some animals at much delayed time points of 48 and 96 hours ( Figure 3A) . Moreover, we observed a significant decrease in cyclin D1 mRNA levels at 6 hours compared with basal levels in the APAP600 group, suggesting active inhibition of the cell cycle. Western blot analysis further corroborated mRNA data with an early and overall much higher increase in cyclin D1 protein only in APAP300 dose, correlating with PCNA protein expression ( Figure 3B ). Cyclin D1 binds to cyclin-dependent kinase (CDK) 4, and this complex, in turn, causes phosphorylation and inactivation of Figure 1 Sustained liver injury and inhibited recovery after higher dose of APAP. A: Representative photomicrographs of H&E-stained liver sections with necrotic area outlined. B: Bar graph shows serum ALT levels with percentage survival specified over bars at time points where any mortality was observed. C: Bar graph shows percentage necrosis area on the basis of H&E-stained liver sections. All samples were collected from mice treated with either APAP300 or APAP600 at various time points up to 96 hours after APAP treatment. *P < 0.05 between two doses. CV, central vein; PT, portal triad. ajp.amjpathol.org -The American Journal of Pathology retinoblastoma (Rb), which ultimately leads to transcription of many cell cycle genes. 16 CDK4 protein and phosphorylation of Rb followed a trend similar to cyclin D1 expression ( Figure 3B ).
We further analyzed the dynamics of CDK inhibitors, p21 and p27, to elucidate if active cell cycle inhibition is involved at a higher dose (Figure 3, C and D) . Interestingly, p21 mRNA was markedly induced at both the doses as early as 3 hours after APAP. However, induction was much higher and sustained up to 96 hours at a higher dose but decreased remarkably after 24 hours at a lower dose ( Figure 3C ). Protein expression of p21 also displayed a similar trend. The p27 protein also showed moderate induction at both doses, showing a pattern similar to p21, with notable higher expression at 6 hours after APAP treatment at higher dose, the time point preceding onset of normal liver regeneration response in regenerative dose ( Figure 3D ). These data suggest that active cell cycle inhibition is involved at a higher dose of APAP, where liver regeneration is inhibited.
Overall, early and robust induction of cyclin D1 at a lower dose resulted in timely liver regeneration and recovery. Inhibition of such a robust and timely response and sustained activation of cell cycle inhibitors at a higher dose correlated with cell cycle arrest, inhibited liver regeneration, progression of injury, and decreased survival. Next, we studied major upstream pathways, which are known to induce cyclin D1 and stimulate liver regeneration. For these studies, on the basis of the time course of regenerative response, we focused on time points up to 24 hours after APAP treatment, considering the importance of early regenerative response for successful recovery.
Growth Factor Signaling via EGFR and c-Met and MAPK Signaling Remain Highly Activated after High Dose of APAP
Epidermal growth factor (EGF) and hepatocyte growth factor (HGF) are considered the primary mitogens for hepatocytes and are critical for liver regeneration after PHX. 8 EGF and 
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The American Journal of Pathology -ajp.amjpathol.orgHGF act primarily through activation of EGF receptor (EGFR) and c-Met receptor, respectively. 8 This leads to, among others, activation of mitogen-activated protein kinase (MAPK) signaling, culminating in cell proliferation. However, the importance of these growth factors in liver regeneration after APAP-induced ALI is not known. We found that the protein expression of EGFR and c-Met was increased at both the doses ( Figure 4A ). To determine activation status of these receptors, we investigated the expression of phosphorylated forms of EGFR and c-Met. There was remarkable activation of EGFR as early as 0.5 hours after APAP300 treatment, attaining a peak at 6 hours, the time point preceding onset of marked liver regeneration response, and then progressively decreased at later time points. Interestingly, a similar trend was observed for the APAP600 group, with much higher and sustained response in a dose-dependent manner ( Figure 4A ). Similar results were observed for c-Met activation, for which we found marked phosphorylation only at 6 hours after APAP300 treatment, but much higher and sustained phosphorylation after APAP600 treatment, starting as early as 3 hours and maintained until 12 hours ( Figure 4A ). Further studies on downstream MAPK signaling revealed that AKT, p38, extracellular signaleregulated kinase (ERK) 1/2, and c-Jun N-terminal kinase (JNK) total protein levels remained unchanged after both the doses. However, a dose-dependent increase in phosphorylation (activation) of all these kinases, including AKT, p38, ERK1/2, and JNK, was observed after APAP treatment (Figure 4 , B, C, and EeH). Activation of all these kinases was higher in the APAP600 group compared with the APAP300 group. Furthermore, a similar trend was observed for expression of downstream transcription factors, c-Jun and c-Fos ( Figure 4D ). Overall, these results suggest that signaling through growth factor and downstream MAPKs remains activated even at the dose of APAP where liver regeneration is inhibited. Thus, lack of activation of these signaling factors may not be the reason for failed liver regeneration at a higher dose.
Apart from involvement in cell proliferation and liver regeneration pathways, 17 JNK activation is also considered as one of the important steps in mediating APAP overdoseeinduced liver injury. 18 Phosphorylation of JNK and its translocation to mitochondria early in APAP toxicity leads to exacerbation of mitochondrial oxidant stress. 18 Despite previous attempts, the role of JNK activation in liver regeneration after APAP overdose remains undefined and should be further evaluated. 19 Differential Activation of Cytokine Pathways (IL-6/ STAT-3 and TNF-a/NF-kB) during Liver Regeneration after APAP Overdose Activation of cytokine pathways [IL-6/STAT-3 and tumor necrosis factor (TNF)-a/NF-kB] is considered as an important priming event that contributes to initiation of early stages of liver regeneration after PHX. 16 However, their role in liver regeneration after APAP overdose is not known. IL-6 mRNA was induced at both the doses of APAP as early as 3 hours after APAP treatment and remains induced up to 24 hours, showing a peak at 12 hours after APAP treatment ( Figure 5A ). Interestingly, IL-6 induction was greater at a higher dose of APAP, at which regeneration was inhibited. IL-6 binding to its receptor at the cellular membrane leads to phosphorylation and nuclear translocation of STAT-3, which ultimately results in transcription of many target genes. Corroborating IL-6 data, we observed significantly higher phosphorylation of STAT-3 in APAP600 mice, which showed less regeneration ( Figure 5B ). Although STAT-3 phosphorylation was transient (appeared at 6 and 12 hours) in the APAP300 group, it started Figure 3 Cell cycle regulators correlate with inhibited liver regeneration at higher dose. Cyclin D1 (A) and p21 (C) mRNA expression, cyclin D1, CDK4, phospho-Rb, and PCNA (B) and p21 and p27 (D) protein expression in liver of mice treated with either APAP300 or APAP600. All samples were collected over a time course of 0 to 96 hours after APAP treatment. *P < 0.05 between two doses. GAPDH, glyceraldehye-3-phosphate dehydrogenase. ajp.amjpathol.org -The American Journal of Pathology early (at 3 hours) and maintained until 24 hours in the APAP600 group. Although total STAT-3 levels were induced after APAP treatment in both doses, no significant difference between the groups was observed. Overall, these data suggest that, similar to growth factor signaling, IL-6 signaling remains intact, even at a nonregenerative dose of APAP; thus, it may not explain failed liver regeneration at a higher dose.
Next, we determined the status of NF-kB signaling during liver regeneration after APAP-induced ALI using our incremental dose model ( Figure 5, C and D) . TNF-a binding to its receptor ultimately results in stabilization and nuclear translocation of transcription factor NF-kB (consisting of p65 as one of its subunits). Cyclin D1 is a known target of NFkB. 20 Interestingly, TNF-a was induced at early time points (3 and 6 hours), preceding the regenerative phase, specifically in a lower (regenerative) dose, and its mRNA level peaked at 12 hours after APAP treatment. In contrast, TNF-a was not induced until 12 hours after APAP in a higher dose and overall showed much lower induction compared with APAP300 dose ( Figure 5C ). Furthermore, there was a marked increase in phosphorylation of p65 at Ser536, known to enhance transactivation potential of p65, 21 in the APAP300 group preceding regenerative phase (6 hours after APAP) and sustained until 24 hours ( Figure 5D ). Although the APAP600 group also showed an increase in Ser536 phosphorylation, it was only at 12 hours after APAP and was overall lower than in the APAP300 group. Although marked nuclear translocation of p65 was observed at both the doses, the increase in nuclear p65 was sustained in the APAP300 group until 24 hours after APAP, but declined sharply at 12 and 24 hours after APAP in the APAP600 group. Total p65 protein expression was increased in both the groups at all of the time points compared with basal levels, and IkB protein level did not appear to change at any dose ( Figure 5D ).
Overall, activation of NF-kB signaling correlated with stimulation of liver regeneration at a lower dose, and we observed an indication of inhibited activation of NF-kB signaling at a higher dose, where liver regeneration was inhibited. Considering cyclin D1 is a known target of p-65, we Figure 4 Growth factor signaling via EGFR and c-Met and MAPK signaling remain highly activated after high dose of APAP. Western blot analysis of EGFR, phospho-EGFR (normal and high exposures), c-Met, phospho-Met (A), total AKT, phospho-AKT, total p38, phospho-p38, total ERK1/2, phospho-ERK 1/2 (B), total JNK, phospho-JNK (C), and c-Jun and c-Fos (D) using total liver extract of mice liver treated with either APAP300 or APAP600. Densitometric analysis shows p38 (E), ERK1/2 (F), JNK (G), and AKT (H) activation. All samples were collected over a time course of 0 to 24 hours after APAP treatment. GAPDH, glyceraldehye-3-phosphate dehydrogenase.
The American Journal of Pathology -ajp.amjpathol.orgwanted to directly compare p-65 binding with cyclin D1 promoter at the two doses using ChIP assay ( Figure 5E ). Interestingly, we observed an approximately 2.5-fold higher binding of p-65 to cyclin D1 promoter in the APAP300 compared with the APAP600 group, 12 hours after APAP treatment, which is the time point of peak induction of cyclin D1. These data suggest that inhibited activation of NF-kB signaling may be one of the reasons for inhibited cyclin D1 induction and inhibited liver regeneration at a higher dose.
Activation of Wnt/b-Catenin Signaling Is Inhibited after a Higher Dose of APAP
Previous reports have demonstrated involvement of b-catenin activation in liver regeneration after PHX and APAPinduced ALI. 5, 22 Herein, we further analyzed the role of Wnt/ b-catenin signaling in detail using our incremental dose model. Although total b-catenin protein remained unchanged in both the groups at all time points, a substantial increase in nuclear b-catenin was observed at 12 and 24 hours after APAP overdose in the APAP300 group ( Figure 6A ). In contrast, APAP600 exhibited an initial increase in nuclear bcatenin at 0.5 and 1 hour after APAP treatment, which decreased at later time points. The decline in nuclear b-catenin was consistent with a substantial increase in two inactive forms of b-catenin (Ser45/Thr41 phosphorylated and Ser33/ 37/Thr41 phosphorylated) in APAP600 mice.
To further study the upstream mechanism, we determined expression of total and phosphorylated (inactive) forms of glycogen synthase kinase-3b (GSK3b), which regulates b-catenin degradation in canonical Wnt signaling ( Figure 6B ).
Data indicate significant inactivation of GSK3b, as shown by a marked increase in phospho-GSK3b protein in APAP300 mice between 6 and 24 hours after APAP overdose, correlating with b-catenin activation. Interestingly, a higher dose showed initial GSK3b inactivation to some extent (less compared with APAP 300), but this inactivation markedly decreased during later phase. The decreased inactivation (or increased activation) of GSK3b at 6 to 24 hours after APAP treatment in the APAP600 group is consistent with an increase in phosphorylated b-catenin species (inactive). Next, we determined protein expression of Dvl, which acts upstream of GSK3b in canonical Wnt signaling and is activated by Wnt binding to Frizzled (Fzd) receptor. A significant increase in Dvl expression was observed in the APAP300 group at 12 and 24 hours after APAP. In contrast, Dvl expression increased early after APAP600 dose but declined during the regenerative phase (Supplemental Figure S4) .
To determine whether expression of any of the Wnts and Fzds is induced during APAP-induced liver regeneration, we quantified mRNA of all 11 Wnts and 10 Fzld genes known to be expressed in the liver. 23 The data indicate that Wnt4 ( Figure 6C ) and Wnt5a ( Figure 6D ) mRNA exhibited significant induction in the APAP300 group during regenerative phase (12 and 24 hours). However, none of the Wnt mRNAs were induced at any time point after APAP600 dose. Among the Fzd genes, Fzd7 was significantly induced only in the APAP300 group between 3 and 12 hours, whereas Fzd8 showed an opposite trend, with slight but significant induction in the APAP600 group at 12 and 24 hours (Supplemental Figure S4) . All other Fzd genes remained unaffected in both groups. Figure 5 Differential activation of cytokine pathways during liver regeneration after APAP overdose. IL-6 (A) and TNF-a (C) mRNA expression in liver of mice treated with either APAP300 or APAP600. Western blot analysis of total STAT-3, phospho STAT-3 (B), total, nuclear, phosphorylated p65, and IkB (D) using total liver extract (unless specified) of mice treated with either APAP300 or APAP600. All samples were collected over a time course of 0 to 24 hours after APAP treatment. E: ChIP analysis shows p65 binding to cyclin D1 promoter at 12 hours after either APAP300 or APAP600 treatment. *P < 0.05 between two doses. GAPDH, glyceraldehye-3-phosphate dehydrogenase. ajp.amjpathol.org -The American Journal of Pathology Overall, we observed stimulation of Wnt/b-catenin signaling specifically in a regenerating dose, correlating with induction of cyclin D1, which is a known target of b-catenin. 24 Furthermore, activation of Wnt/b-catenin signaling was inhibited at a higher dose, correlating with inhibited cyclin D1 induction. Finally, we directly checked if there is a difference in b-catenin binding to cyclin D1 promoter at the two doses using ChIP assay. We observed an approximately twofold higher enrichment of b-catenin binding to cyclin D1 promoter in APAP300 compared with APAP600 group, 12 hours after APAP treatment, which is the time point of peak induction of cyclin D1 ( Figure 6E ). Taken together, these data suggest that inhibited activation of Wnt/b-catenin signaling may be one of the reasons for inhibited cyclin D1 induction and inhibited liver regeneration at a higher dose.
Increased Liver Regeneration in Mice Overexpressing b-catenin after APAP Overdose
Our studies using the incremental dose model identified Wnt/ b-catenin signaling as a potential target for stimulating liver regeneration after APAP overdose. We further confirmed the role of b-catenin in stimulation of liver regeneration after APAP overdose using mice overexpressing S45D. Preliminary analysis showed moderately higher total b-catenin in the S45D mice, which is consistent with previous studies (Supplemental Figure S5A) . 13 Further analysis indicated no significant difference in hepatic CYP2E1, the main enzyme involved in APAP bioactivation, in S45D mice compared with WT mice (Supplemental Figure S5A) . Preliminary studies indicated that the WT control mice for the S45D strain, which are the S45D negative littermates, are more susceptible to APAP than C57BL/6 mice. Therefore, we initially used a dose of 300 mg/kg APAP in this study, which was sufficient to show attenuated liver regeneration response in WT mice. WT and S45D mice were treated with 300 mg/ kg APAP, and liver injury and regeneration were analyzed at 6 and 24 hours after APAP treatment. Serum ALT levels and necrosis scoring demonstrated similar liver injury in WT and S45D mice at both the time points after APAP (Figure 7 , AeC), suggesting the injury process is not altered in S45D mice. Although WT mice showed only a few PCNA-positive hepatocytes at 24 hours after APAP treatment, liver regeneration was remarkably improved in S45D mice, as indicated by higher PCNA-positive hepatocytes in S45D mice at 24 hours after APAP treatment, compared with WT mice ( Figure 7D ). This was further substantiated by PCNA protein expression, which displayed a similar pattern ( Figure 7E ). Western blot analysis indicated significantly higher activated b-catenin in S45D mice at 24 hours after APAP treatment ( Figure 7E ). An increase in activated b-catenin was accompanied by increased cyclin D1 and phosphorylation of Rb protein in S45D mice at 24 hours after APAP overdose ( Figure 7E ). Real-time PCR analysis indicated increased gene expression of cyclin D1 and axin 2, the known targets of b-catenin, in S45D mice after APAP treatment, compared with WT mice at 24 hours after APAP overdose (Supplemental Figure S5 , B and C). Next, we studied liver regeneration in S45D mice after a higher dose of APAP (600 mg/kg) (Figure 7, FeJ) . Neither WT nor S45D mice showed any significant liver regeneration at 24 hours after APAP. However, S45D mice showed higher PCNA-positive cells (with higher PCNA protein expression) compared with WT mice (Figure 7, F, I , and J) at 48 hours after APAP treatment. This was further substantiated by higher cyclin D1 protein Figure 6 Activation of Wnt/b-catenin signaling is inhibited after a higher dose of APAP. Western blot analysis of total b-catenin, nuclear b-catenin, phospho-bcatenin (S45/Thr41), phospho-b-catenin (S33/37/Thr41) (A) and total GSK-3b and phospho-GSK-3b (B). Total liver extracts (unless specified) of mice treated with either APAP300 or APAP600 were used for Western blot analyses. mRNA expression of Wnt4 (C) and Wnt5a (D) in liver of mice treated with either APAP300 or APAP600. All samples were collected over a time course of 0 to 24 hours after APAP treatment. E: ChIP analysis shows b-catenin binding to cyclin D1 promoter at 12 hours after either APAP300 or APAP600 treatment. *P < 0.05 between two doses. GAPDH, glyceraldehye-3-phosphate dehydrogenase.
expression and downstream phosphorylation of Rb protein in S45D mice compared with WT mice at 48 hours after APAP treatment ( Figure 7J ). Similar to APAP300 dose, both WT and S45D mice showed similar injury at 24 and 48 hours after APAP600 treatment (Figure 7, FeH) . These data show that overexpression of b-catenin resulted in faster and higher liver regeneration after APAP overdose.
Discussion
APAP overdose is the foremost cause of ALF in the United States, contributing to approximately 46% of all ALF cases. 25 Treatment options after APAP-induced ALF are extremely limited. Extensive research on chemicals and drugs that induce liver injury has shown that compensatory Figure 7 Overexpression of stable form of b-catenin improves liver regeneration after APAP overdose. A: Representative photomicrographs of H&E-and PCNA-stained liver sections from WT and S45D mice treated with 300 mg/kg APAP. BeD: Bar graphs show serum ALT levels (B), percentage necrosis area (C), and PCNA counts (D) in WT (black bars) and S45D (gray bars) mice treated with APAP300. E: Western blot analysis of active b-catenin, cyclin D1, pRb, and PCNA using total liver extracts in WT and S45D mice treated with APAP300. F: Representative photomicrographs of H&E-and PCNA-stained liver sections from WT and S45D mice treated with APAP600. Bar graphs show serum ALT levels (G), percentage necrosis area (H), and PCNA counts (I) in WT (black bars) and S45D (gray bars) mice treated with APAP600. J: Western blot analysis of active b-catenin, cyclin D1, pRb, and PCNA using total liver extracts in WT and S45D mice treated with APAP600. *P < 0.05 between WT and S45D group. Arrowhead represents PCNA-positive cells. GAPDH, glyceraldehye-3-phosphate dehydrogenase. ajp.amjpathol.org -The American Journal of Pathology liver regeneration plays a critical role in determination of final outcome of injury. It is known that timely stimulation of regeneration leads to regression of injury, whereas failing to regenerate culminates in progression of injury and death. 9, 11, 26 Several recent clinical and animal studies showing similar findings after APAP overdose suggest that stimulating liver regeneration can be a potential treatment option for APAP-induced ALF.
5e7 However, our knowledge regarding mechanisms of liver regeneration after APAP-induced injury is extremely limited, and there is a critical need to study these mechanisms systematically.
Dynamics of liver regeneration after toxic insult have been extensively studied for many toxicants, such as thioacetamide, 11 carbon tertrachloride, 27 and chloroform. 26 These studies demonstrated that liver regeneration follows classic rules of dose-response such that regeneration increases with dose of toxicant proportionate to injury. This occurs until a threshold dose beyond which the ability of liver to regenerate declines, leading to progression of injury. 9 On the basis of this principle, we developed an incremental dose model to study mechanisms of liver regeneration after APAP-induced ALI.
Herein, we used two doses of APAP, a lower dose (300 mg/kg) that caused extensive liver injury but also significant compensatory regeneration, leading to regression of injury and spontaneous recovery, and a higher dose (600 mg/kg) that caused sustained injury, compromised recovery, and decreased survival. We observed marked inhibition of liver regeneration at a higher dose, highlighting the importance of liver regeneration in overall survival after APAP overdose, supporting previous findings.
5e7 The marked inhibition of regeneration was not due to lack of viable hepatocytes at the higher dose. Necrosis score analysis and IHC staining for HNF4a, which stains for viable hepatocytes, demonstrated that >50% hepatocytes were viable in APAP600 dose at peak injury. In fact, overall cellular death was not strikingly different at the two doses at early time points, where regeneration was initiated at lower dose and inhibited at higher dose. These data and further analysis of cell cycle phases indicated that the inhibition of regeneration was not simply because of too much cell death but due to inhibited cell cycle entry and cell cycle arrest at an early stage in viable cells surrounding the necrotic zone at a higher dose. Higher cellular stress in viable hepatocytes may be a possible explanation for this inhibited liver regeneration at a higher dose. This observation also distinguishes the APAP incremental dose model from 90% PHX model, in which the primary reason behind decreased liver regeneration is lack of critical mass required to initiate regeneration.
Our most remarkable finding was that cyclin D1 mRNA and protein expression increased in the lower dose preceding the start of regenerative phase, but this was completely inhibited in the higher dose. These data further support that initial entry into the cell cycle is inhibited at a higher dose, underlining the importance of induction of cyclin D1 in regulation of liver regeneration after APAP-induced ALI. Furthermore, we found higher and sustained induction of p21 protein at a higher dose, supporting possible contribution of active inhibition of cell cycle in cell cycle arrest at higher dose due to elevated cellular stress. Similar results were reported previously after ethanol treatment in the PHX model, where ethanol inhibited cyclin D1, induced p21, and impaired liver regeneration. 28 Interestingly, there was moderate induction of p21, even at the regenerative dose, suggesting possible role of p21 in coordinating liver regeneration. Recent study demonstrating role reversal of p21 in liver regeneration, depending on degree of injury, certainly supports this possibility. 29 Further studies are required to determine the exact role of p21 in liver regeneration after APAP overdose.
Several regenerative pathways, such as growth factors/ MAPKs, TNF-a/NF-kB, Wnt/b-catenin, and IL-6/STAT-3, are known to induce cyclin D1 and hepatocyte proliferation. 8 We determined the status of some of these pathways in our model to look further into the mechanism behind differential expression of cyclin D1 at both the doses. There was remarkable activation of growth factor receptors (c-Met and EGFR), downstream MAPKs (ERK1/2, p38, and JNK), and IL-6/STAT-3 signaling at the regenerative dose, but, interestingly, activation was much higher and sustained at the nonregenerative dose. Previous studies suggest that some of these pathways may be important for normal liver regeneration after APAP overdose, where animals spontaneously regenerate. For instance, liver regeneration was found to be impaired in IL-6 knockout mice after moderate APAP overdose. 30 Further confirmatory studies are required to demonstrate the role of some of these pathways in liver regeneration after APAP overdose.
However, our data clearly indicate, for the first time to our knowledge, that inability to activate these signaling pathways is not limiting regeneration at a higher dose, where animals are not able to recover spontaneously, because these pathways are already highly activated at this dose. Additional stimulation of these pathways may not be a good strategy from a therapeutic standpoint. This also questions administration of growth factors as a therapeutic strategy after APAP-induced ALF. This observation is consistent with previous reports that administration of growth factors did not affect liver regeneration in dogs after APAP-induced ALF. 31 Also, patients who died after APAPinduced ALF were found to have a higher amount of HGF circulating in plasma. 32 These data produce two possibilities. First, an active inhibitory signaling is blocking liver regeneration at a higher dose, counteracting this regenerative signaling. Activation of cell cycle inhibitors (eg, p21) is one such signaling pathway that we observed in this study. Moreover, some of the known regenerative pathways, which are highly activated in APAP600, may be actively involved in inhibiting regeneration. For instance, overactivation of p38 has been associated with decreased regeneration in the PHX model. 28, 33 Also, p38 can directly inhibit cyclin D1
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The American Journal of Pathology -ajp.amjpathol.orgexpression. 34 Similarly, impaired regeneration after PHX in ob/ob mice with fatty liver or in mice with hyper-stimulated IL-6 signaling was correlated with sustained activation and overactivation of STAT-3. 35, 36 Furthermore, sustained activation of these mediators was correlated with induction of p21 and inhibition of cyclin D1, which is consistent with our data.
The second possibility is that specific critical pathways apart from the growth factoremediated proregenerative signaling regulate liver regeneration after APAP overdose. Previous studies have shown that the Wnt/b-catenin pathway plays a critical role in liver regeneration, in general, and after APAP overdose, in particular. 5, 22 Consistent with these data, we observed activation of canonical Wnt signaling at the regenerative dose. More interestingly, b-catenin activation was inhibited at a higher dose, where liver regeneration was inhibited. We also observed TNF-a/NF-kB signaling activation at the regenerative dose, supporting previous studies showing a role of TNF receptor in liver regeneration after APAP overdose. 37, 38 Furthermore, previous data showed increased NF-kB DNA binding after APAP treatment, which was correlated positively with regeneration in mice. 39, 40 Interestingly, similar to b-catenin signaling, our results indicated that activation of TNF-a/NF-kB signaling is inhibited at a higher dose, where recovery is compromised. Both b-catenin and NF-kB are known to transcriptionally regulate and induce cyclin D1 directly. 20, 24 Our ChIP data support the important role of such regulation in liver regeneration after APAP overdose. Our findings implicate that inhibited activation of Wnt/b-catenin and TNF-a/NF-kB signaling may be a contributing factor to inhibited liver regeneration after severe APAP overdose and, thus, could be a potential target for stimulating liver regeneration therapeutically.
Overactivation of b-catenin is known to accelerate liver regeneration after PHX. 13, 22 Furthermore, our previous study showed correlation of b-catenin activation with higher spontaneous liver regeneration and survival in patients with APAPinduced ALF. 5 Herein, we observed that mice overexpressing a mutated form of b-catenin have better liver regeneration after low and high doses of APAP. Our data, for the first time to our knowledge, indicated that stimulating canonical Wnt signaling could be a viable approach for improving liver regeneration in patients with APAP-induced ALF.
In summary, our findings using a novel comparative model have demonstrated that high doses of APAP will inhibit liver regeneration because of active inhibition of cell cycle progression and/or by lack of stimulation via critical promitogenic pathways. Some interesting potential pathways that may be involved in active inhibition of liver regeneration include p38 MAPK and IL-6 signaling and require further detailed investigation. Furthermore, this study has revealed canonical Wnt signaling and NF-kB signaling as potential therapeutic targets to stimulate liver regeneration after APAP overdose. Finally, our studies indicate that concomitant inhibition of several inhibitory pathways and activation of various stimulatory pathways may have a promising future in developing regenerative therapies for APAP-induced patients with ALF. ajp.amjpathol.org -The American Journal of Pathology
